In order to probe the active-site structure of human milk bile-salt-activated lipase (BAL), the kinetics of the BALcatalysed reaction were studied using monoesters as substrates. Among the fatty acyl chains, ranging from C8 to C16 of monoacylglycerols in a single equimolar assay mixture, there was a consistent trend of increased reactivity with decreased fatty-acyl-chain length for both the basal and taurocholate-stimulated activities of BAL. In addition, the detection of hydrolysis of long-chain monoacylglycerols in the absence of bile salt indicates that it is possible for the long-chain fatty acid monoester to form an enzyme-substrate complex with the basal form of BAL. I further examined the reaction kinetics of BAL with water-soluble short-chain esters of p-nitrophenol. The results indicated that there is a consistent trend towards a decreased Michaelis-Menten constant with increased acyl-chain length. Therefore it was concluded that the decreased reactivity with increased acyl-chain length of acylglycerols is probably not a consequence of the lowered affinity of the substrate for the enzyme. The fact that butyrate ester has the optimum acyl chain to be a substrate of BAL can be attributed to its acyl-chain length being long enough for interaction with the active centre of BAL and short enough to provide adequate positioning of the ester bond for transition state complex formation. The calculated free energy of BAL catalysis based on the derived kinetic parameters provides additional insight into the effect on the enzyme-substrate interaction of increasing the number of methylene groups in the acyl chain of substrates.
INTRODUCTION EXPERIMENTAL
Human milk contains a bile-salt-activated lipase (BAL) at a very high level, representing about 0.5-1 % of the total milk protein (Wang & Johnson, 1983; Olivecrona & Bengtsson, 1984) . The primary amino acid sequence of BAL has been deduced recently (Nilsson et al., 1990; Baba et al., 1991) . has been identified as the active-site serine, which has been found to be modified with di-isopropylfluorophosphate (Baba et al., 1991) . Based on N-terminal sequence comparison (Wang, 1988; Abouakil et al., 1988) , it has become clear that human milk BAL and pancreatic carboxyl ester lipase have the same amino acid sequence and are likely to be the products of the same gene. The minor difference in the kinetic properties of the two enzymes is possibly due to a difference in the post-translational modification of the enzymes in mammary gland and pancreas. We have shown previously that bile salt can introduce a conformational change in the enzyme (Singh et al., 1987) to allow interaction with the bulky triacylglycerol substrate (Wang & Lee, 1985) . In order to further probe the active-site structure of BAL, the reactivity of BAL with monoesters as substrates, including monoacylglycerol and p-nitrophenyl esters, has been examined. This provides information on the interaction between the acyl chain of the substrate and the enzyme active-site centre, and eliminates the secondary interaction with the enzyme of the second or third acyl chains present in diacyl-or triacyl-glycerols. Based on the present kinetic study, I have concluded that the chemical step of the formation of the transition state complex is the likely ratelimiting step for the observed preferential acyl-chain reactivity of BAL. The main effect of taurocholate in activating BAL is to increase the affinity of the enzyme for the substrates, thereby increasing the probability of committing the resulting enzymesubstrate complex to form the transition state complex and subsequently to yield the lipolytic products. The calculated free energy of BAL catalysis based on the kinetic parameters provides additional insight into the effects of additional methylene groups in the acyl chain of substrates on the enzyme-substrate interaction.
Materials
Unless otherwise stated, all chemicals were purchased from Sigma Chemical Co. Purification of BAL was performed as described previously (Wang & Johnson, 1983) .
Lipolysis of monoacylglycerols
The assay mixture (10 ml final volume) contained appropriate amounts of the purified enzyme, monoacylglycerols and BSA in the absence or presence of 20 mM-taurocholate . Lipolysis was performed in a buffer solution containing 50 mM-NH OH which was titrated to pH 8.0 with HCI. The racl-monoacylglycerols stock solution (12 ml) was prepared as a 3-fold-concentrated solution. The substrate was emulsified with Triton X-100 (0.15 %, v/v) using a Biosonic IV sonicator (Brownwill Inc.) at 60 % of the high setting for 30 s in an ice bath, and after cooling down was sonicated for an additional 30 s. After incubation at 37°C, the enzyme reaction was terminated after various time intervals by transferring 0.25 ml aliquots in duplicate to tubes containing 4 ml of n-heptane/ propan-2-ol (3:7, v/v) and 25,g of cholesteryl butyrate as internal standard. The tube contents were then centrifuged to remove the protein precipitate. The supernatant was transferred to a 25 ml round-bottom flask and evaporated to dryness. The samples were redissolved in 5 ml of acetic anhydride/pyridine (1: 1, v/v), incubated at 100°C in a sand bath for 10 min and then immediately placed on ice. The reagent was removed by evaporation on a rotatory evaporator under vacuum at 30°C. The samples were then redissolved in 4 ml of n-heptane/propan-2-ol (3:7, v/v) and acidified with 5 ml of 16.5 mM-H2SO4. After the solution was mixed for 30 s, the upper phase, which contained the acetylated monoacylglycerols and the internal standard, was transferred to a 3 ml conical tube. After evaporation of the solvent under nitrogen, the residue was redissolved in 100 ,l of n-hexane. Aliquots (2#1) were injected into the g.l.c. apparatus.
The g.l.c. analyses were performed using a Varian 3700 gas chromatograph equipped with a series 8000 autosampler and a Abbreviation used: BAL, bile-salt-activated lipase.
Vol. 279 C.-S. Wang SpectroPhysics SP4270 integrator. The separation was performed using 3 % OV-1 on 100/120 Supelcoport (Supelco, Inc.) 
Esterase assay
The assay of BAL activity with p-nitrophenyl esters as substrates was performed using p-nitrophenyl esters with acyl-chain lengths ranging from C2 to C6. The reaction mixture contained 2.5 jug of BAL/ml, an appropriate concentration ofp-nitrophenyl esters in 3 % (v/v) acetonitrile, taurocholate, and buffer to a total volume of I ml. Because prolonged mixing is necessary to solubilize p-nitrophenyl esters, and in order to achieve a rapid solubilization of the substrates, the esters were initially dissolved in acetonitrile followed by dilution with distilled water to obtain a 10-fold-concentrated stock substrate solution in 300% (v/v) acetonitrile. A 0.1 ml aliquot of the stock substrate solution was then used in each assay. The BAL reactivity was measured, and the results indicated that a concentration of up to 50% (v/v) acetonitrile had no significant effect on BAL activity. The ranges of substrate concentration in the final assay mixture were: pnitrophenyl acetate, 0.4-2.0 mM; p-nitrophenyl propionate, 0.2-1.0 mM; p-nitrophenyl butyrate, 0.1-0.5 mM; p-nitrophenyl valerate, 0.05-0.25 mM; p-nitrophenyl caproate, 0.01-0.1 mM. These concentration ranges were optimum for deducing the respective kinetic constants. The time course of the reactions was followed by measuring the release of p-nitrophenol product at 418 nm in a 1 cm path-length cuvette. The enzyme reaction was performed at 25 'C rather than 37 'C to minimize the nonenzymic hydrolysis of the substrate. The rate of p-nitrophenol production was determined from the initial portion of the absorbance change at 418 nm using a Beckman model 25 spectrophotometer equipped with a recorder and temperature unit. The extinction coefficient at 418 nm of p-nitrophenol (pH 7.5) is 11.5 x 103 M-1'cm-1 (Heller & Hanahan, 1972) .
substrate. In a previous study (Wang & Lee, 1985) it was demonstrated that assay at a high concentration (1 mg/ml) of BAL failed to detect the possible presence of a low level of basal activity with long-chain triacylglycerol substrates, and it was concluded that BAL has an absolute requirement for bile-salt activator to catalyse the hydrolysis of these substrates. Thus, based on the present study, it can be deduced that, in the nonactivated form, the active site of BAL is accessible to long-chain fatty acid esters such as monoacylglycerols, but not to the bulky long-chain triacylglycerols. As shown in Fig. l(a) , the trend of the lipolysis rate of BAL in the absence of activator was inversely related to acyl-chain length, i.e. C8 > clo > C12 > C14 > 16'
The inclusion of taurocholate (20 mM) as activator increased the lipolysis rate; however, the trend of preferential reactivity of acyl-chain length was the same as that found for the basal activity of BAL. The apparent pseudo-first-order rate constants of the basal and taurocholate-activated BAL activity are shown in Table 1 . Since the pseudo-first-order rate is derived from the lipolysis of various monoacylglycerols in a single assay mixture, the parameter is the expression of the relative reactivity due to the acyl-chain length effect of the substrates for basal and taurocholate-activated BAL activities.
Reaction with p-nitrophenyl esters
In order to gain insight into the preferential reactivity of BAL with medium-chain over long-chain monoacylglycerols, the study was extended to include chromogenic short-chain p-nitrophenyl esters as substrates. One advantage of using these substrates is that the short-chain fatty acyl esters are soluble in aqueous solution. Therefore the effective substrate concentration and the analytical substrate concentration can be considered to be the same. The necessity to define effective substrate concentration, as encountered with emulsified substrates, can be avoided. I have shown previously (Wang, 1981) The linearity of double-reciprocal plots was checked graphically. Kinetic analysis was performed using the LOTUS 1-2-3 spreadsheet program. The performance of linear and non-linear curve-fitting was based on the approach described by Bevington (1969) .
RESULTS

Reaction with monoacylglycerols
In this study I first examined the substrate specificity of a BAL-catalysed reaction by using a monoacylglycerol as substrate. The monoacylglycerol concentrations in the lipolysis reaction mixture were determined by g.l.c. With this fractionation technique, it was possible to determine the monoacylglycerol concentrations of various acyl-chain lengths from C8 to C16 in a single competitive assay mixture. Because of the short retention time of shorter-chain monoacylglycerols with the g.l.c. analysis, I did not include them as substrates in the experiment. One of the unexpected observations of the present study was the detection of basal activity of BAL with long-chain monoacylglycerols as In the equation, E is the enzyme (BAL); S is the substrate; A is the activator (taurocholate); P and Q are the alcoholic and carboxylic acid products respectively; kcat. is the rate constant for the breakdown of ES to E + P + Q, and flkcat is the rate constant for the breakdown of EAS to EA + P + Q. The derived Michaelis-Menten constants Ks, KA, aK8 and aKA are also the dissociation constants of each indicated reaction. The KA value, which is the dissociation constant for enzyme-activator interaction, was previously determined to be 0.37 mm for the BAL-taurocholate interaction (Wang, 1981) . On the basis of the kinetic scheme described above (eqn. 1), the velocity equation is shown below (Segel, 1975) :
The Lineweaver-Burk plots with p-nitrophenyl butyrate as substrate, in the absence and in the presence of a low (0.5 mmtaurocholate) and a saturating concentration (2 mM-taurocholate) of activator, are shown in Fig. 2 . The determined values of Kss aK1, k.21 and /3kC, for a number of p-nitrophenyl esters are shown in Table 2 . From the kinetic data it can be deduced that the major effect of taurocholate is to lead to an increased affinity of BAL for the substrates. In contrast with this finding of a consistent trend of decreased KS and aK5 with increased acyl-chain length, I have found that butyrate ester has the highest kcat and fikcat. values. Based on the magnitude of the parameters of 1/a, ranging from 4.3 to 11.2, and /3, ranging from 0.7 to 1.6, I concluded that the major effect of taurocholate in activating BAL is to increase the affinity of the enzyme for the substrate, with a secondary effect of increasing Fig.  3(a) . The free energy of activation, AG$, is composed of two terms: an 'energy-unfavourable' term, AGt, due to the activation energy of the chemical step of bond making and breaking, and a compensating 'energy-favourable' term, AG,, due to the realization of the binding energy. The effect of incremental increases in the numbers of methylene groups in the acyl chain of the p- Table 3 . Since all AAG$ and AAGS values are numerically negative, the data imply that the incremental increases in (Singh et al., 1987) .
DISCUSSION
Because of the presence of only one acyl chain in the monoacylglycerol molecule, it is more straightforward to use this acylglycerol than to use triacylglycerol as a substrate for deducing the acyl-chain effect of an enzyme-substrate interaction. One of the surprising findings of this study is the presence of basal activity (in the absence of bile-salt activator) of BAL with a longchain monoacylglycerol as substrate. This is in contrast with the finding of the absence of basal activity of the enzyme with longchain triacylglycerols (Wang & Lee, 1985) . We have suggested previously that the presence of more than one acyl chain in the long-chain triacylglycerol molecule can cause steric hindrance, as its interaction with the unactivated BAL and the major role of bile salt in activating BAL is to induce the conformational change of the enzyme (Singh et al., 1987) to facilitate the interaction of the active site with the bulky long-chain triacyl- AAGS glycerols. In contrast with BAL, although lipoprotein lipase also has an activator requirement (apolipoprotein CII) (Posner et al., 1983; Cheng et al., 1990) , this enzyme was found to have low but detectable basal activity with long-chain triacylglycerols. This would imply that the active site of the basal form of lipoprotein lipase can accommodate the bulky long-chain triacylglycerols. The probable physiological reason for the absence of basal activity of BAL with long-chain triacylglycerols is to allow expression of its activity, not in the milk, but in the infant's intestinal lumen (Wang et al., 1989; Alemi et al., 1981) where bile salt becomes accessible to the enzyme for digestion of milk fat. Becausep-nitrophenyl esters are highly chromogenic substrates and short-chain fatty acid esters of these substrates are watersoluble, this allowed me to examine the acyl-chain effect on the steady-state kinetic profile of BAL. In a previous study, I have shown that the reaction kinetics of BAL-catalysed hydrolysis of water-soluble substrates can be described as 'rapid equilibriumrandom' (Wang, 1981) in the reaction steps of substrate and activator binding, which implies that the formation of activated ES complex is much slower than the dissociation of ES to E and S, and points out that kcat and /kcat are the likely rate-limiting kinetic parameters for the observed acyl-chain effect on BAL activity. Furthermore, the derived Michaelis-Menten constants for the various substrates can be considered to be essentially equivalent to the corresponding dissociation constants. From the findings in Table 2 , it can readily be seen that there is an increased affinity of the enzyme for the substrate with an increase in the acyl-chain length. However, it is apparent that the increase in affinity for the substrate is not always advantageous for promoting a higher catalytic rate, as butyrate ester actually had the highest kcat and /.kcat values but not the lowest K, and xK, values. For a better understanding of BAL reaction kinetics, I have further calculated the effect of incrementally increasing the numbers of methylene groups in the substrate on the free energy of the BAL catalytic reaction. Based on the enzyme-substrate complementarity, Fersht (1984) concluded that enzymes in general have evolved to bind the transition state of a substrate more strongly than the substrates themselves. This principle contradicts the widely held belief that strong substrate binding, or a low Michaelis-Menten constant, is always an important component of efficient enzymic catalysis. The energy diagram demonstrating this point is shown in Fig. 3 . Based on the transition state theory, the activation energy AG$ of the transition state complex formation is composed of two terms, an energetically unfavourable term, AG$, due to the activation steps of bond making and breaking, and a compensating energetically favourable term, AGS, due to the realization of the binding energy. If the enzyme has a high affinity for the undistorted substrate, the low Michaelis-Menten constant can lead to a thermodynamic 'pit' into which the reaction 'falls' and has to '6climb out'. By inspection of Table 3 , it can be readily concluded that incremental increases in methylene group number in the acyl chain of the substrate led to the stabilization of both the ground state and the transition state of enzyme-substrate complexes. However, there was a higher degree of stabilization of the transition state than of the ground state from C2to C4, as can be seen with AAG$ values being numerically negative (Table 3 ). In contrast, there was a higher degree of stabilization of the ground state than of the transition state complex from C4 to C6, as the corresponding AAG$ values are numerically positive (Table 3) .
From this calculation, it can be reasoned that the decrease in dissociation constant of an enzyme-substrate interaction is not always advantageous in improving the catalysis rate, as can be seen from the fact (eqn. 6) that this can cause the increase of free energy AG: for the catalytic step. Based on the energy diagram in Fig. 3 , the likely explanation for the highest kcat and fkcat values being for butyrate ester in comparison with the other related substrates is that this substrate has acyl-chain length adequate to provide a sufficient hydrophobic binding with the enzyme active site centre, and yet short enough to provide freedom of the acyl chain to distort the ester bond for the formation of the transition state complex.
Based on the finding of preferential reactivity of BAL in the order C4 > C6 > C8 > CIO > C12 > C14 > C16 of monoacid triacylglycerols and C8 > Clo > C12 > C14 > C16 of monoacylglycerols ( (Fig. 3a) showing that excessively tight substrate binding can lead to a higher AG$ and, consequently, a lower catalysis rate. Previously, I have provided evidence that the preferential reactivity of BAL for butyrate ester represents an intramolecular phenomenon. It was demonstrated that when rac-1 ,2-dipalmitoyl-3-butyroylglycerol and sn-1,3-dipalmitoyl-2-butyroylglycerol were utilized as substrates of BAL, only dipalmitoylglycerol was detected as the intermediary diacylglycerol product . This would indicate that there is a preferential reactivity of BAL with butyrate ester, even though the butyrate and palmitate acyl chains reside in the same acylglycerol molecule. The intramolecular preferential reactivity for butyrate ester has also been observed with pig pancreatic lipase by Desnuelle & Savary (1963) , who found that when 1-butyroyl-3-palmitoylglycerol is hydrolysed to an extent of 10 %, the released non-esterified fatty acids consist of 72 mol % butyrate and 28 mol % palmitate.
In conclusion, with the use of a series of monoesters as 
